Eukaryotic elongation factor 1A (eEF1A) is a multifunctional protein involved in bundling actin, severing microtubule, activating the phosphoinositol-4 kinase, and recruiting aminoacyl-tRNAs to ribosomes during protein biosynthesis. Although evidence has shown the presence of the isoform eEF1A1 oligomers, the substantial mechanism of the self-association remains unclear. Herein, we found that human eEF1A1 could spontaneously form oligomers. Specifically, mutagenesis screen on cysteine residues demonstrated that Cys 234 was essential for eEF1A1 oligomerization. In addition,
Introduction
Eukaryotic elongation factor 1A (eEF1A) is the second most abundant protein in cellular environment, and is well-elucidated for its GTPase activity to hydrolyze GTP when anticodon-codon match occurs at the A-site of elongating ribosomes [1] . Besides the roles in polypeptide synthesis, eEF1A exhibits diverse non-canonical functions, including cytoskeleton remodeling by binding and bundling filamentous actin [2, 3] and protein quality control by associating with ubiquitinated or nascent peptides [4, 5] . Overexpression or reduction of the level of eEF1A has been shown to influence the apoptotic process [6] . Importantly, the protein level of eEF1A was elevated in cells treated with hydrogen peroxide and was related to oxidative stress-mediated cell death [7, 8] . Evidence demonstrated that eEF1A acts as a 'moonlighting' protein in cytoplasmic environment [9] . eEF1A has two isoforms, namely eEF1A1 and eEF1A2, which are highly conserved with 92% identity and 98% similarity at the amino acid level [10, 11] . eEF1A1 is ubiquitously present except in skeletal and cardic muscle, while eEF1A2 expression is restricted in brain, skeleton muscle, and heart, and is currently found in all vertebrates [12] . Interestingly, eEF1A1 is significantly reduced and replaced by eEF1A2 in mouse brain neurons and skeleton muscle during postnatal development [13, 14] .
eEF1A was first characterized as dimer to bundle filament actin in Tetrahyma [15] , and subsequent identification of dimeric eEF1A was reported both in chicken and human B cell lines [16] . A previous study showed that eEF1A1 has a higher property of self-association than eEF1A2 [17] . eEF1A1 was also reported to form intermolecular disulfide bonds under oxidant treatment [18] and dimerization of eEF1A was suggested to have an impact on phosphorylation of its Ser21 residues by Raf kinases with a subsequent effect on cell proliferation and apoptosis [19] . However, the influence of intermolecular disulfide bonds on eEF1A1 oligomerization has not been described, and the oligomeric differences between these two eEF1A isoforms still remain to be elucidated.
In this study, we found that human recombinant eEF1A1 protein produced by the mammalian cell line forms dithiothreitol (DTT)-sensitive oligomers, and the oligomerization process was further characterized by using prokaryotic protein expression system. Results showed that Cys 31 
Materials and Methods

Plasmid construction and mutagenesis
The human eEF1A1 full length open reading frame (ORF) was purchased from Origene (sc124558; Rockville, USA) and used as the amplification template. For plasmid construction, restriction sites were included in polymerase chain reaction (PCR) primers. The PCR products were digested and inserted into pcDNA3.1 (+) and pET42a (+). The FLAG-coding sequence was directly synthesized within the upstream primers to generate FLAG-tagged protein at the N-terminus. For mutagenesis, mutant fragments were prepared using the overlap extension PCR. The products were cloned into vectors and the resultant constructs were verified by DNA sequencing.
Cell culture and treatment
Human cell lines HEK293, 293T, and H1299 (kept in our lab) were maintained in Dulbecco's modified Eagle's mediums (high glucose; Life Tech, Waltham, USA), supplemented with 10% fetal bovine serum, 100 U/ml penicillin/streptomycin at 37°C with 5% CO 2 . For large scale transfection of 293T, 240 µg of pcDNA3.1-FLAG-eEF1A1 plasmids were mixed with 600 µl of the PEI reagent (1 mg/ml in PBS buffer; Sigma Aldrich, St Louis, USA). After 20 min of incubation at room temperature, the mixture (3 ml for a single dish) was added directly to 293T cells (80% confluence) and incubated for another 6 h. 
Preparation of recombinant human eEF1A1
Transfected 293T cells were collected in cold PBS, and the pellets were resuspended and vortexed in lysis buffer [10 mM HEPES, pH 7.8, 150 mM NaCl,10 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 10% (v/v) glycerol, and 0.5% NP-40 with protease inhibitor]. Cell lysates were centrifuged at 17,000 g for 10 min, then the resultant supernatant was collected and incubated with anti-FLAG magnetic beads (Sigma Aldrich) thoroughly for 2 h. After the resin beads were washed with TBST buffer [50 mM Tris-HCl, 150 mM NaCl, pH 7.4, and 5% (v/ v) Tween-20], the retained protein was eluted with TBS buffer containing 150 ng/µl FLAG peptide (Sigma Aldrich). For GST-eEF1A1 purification, Escherichia coli BL21(DE3) cells were transformed with the expression vector pET42a(+)-GSTeEF1A1, and the positive clone was picked and cultured in 200 ml LB medium at 37°C until it reached an optical density of 0.6 (600 nm). Isopropyl-1-thio-D-galactopyranoside was added and cells were cultured for 14 h at 25°C with gentle shaking. Cells were collected by centrifugation, resuspended in GST-pulldown buffer [125 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5% (v/v) glycerol, and protease inhibitor cocktail] and broken by sonication. After centrifugation, soluble supernatant was collected and incubated with glutathione magnetic beads (Thermo Scientific, Waltham, USA) for 2 h at 4°C. To avoid the potential oligomerization of GST-eEF1A1 during purification, DTT was added to mixture at the concentration of 4 mM. Beads were washed and resuspended in GST-pulldown buffer with 50 mM glutathione to elute protein. The protein samples were further quantified by sodium dodecyl sulfate polyacrylamide gel electropheresis (SDS-PAGE) using bovine serum albumin (BSA) as the standard.
SDS-PAGE and immunoblotting
Cell lysates were either heat denatured or left untreated in SDS loading buffer, then separated by 8% SDS-PAGE with or without the reducing agent. Gels were transferred onto 0.45 µm nitrocellulose membrane (GE Healthcare, Milwaukee, USA) in a wet transferring system. The membranes were blocked in TBST plus 5% non-fat milk and immunostained with anti-eEF1A1 (Epitomics, Hangzhou, China), anti-GST (Epitomics), anti-tubulin (Sigma Aldrich), and anti-FLAG (Sigma Aldrich) specific antibodies. Detection was performed by horseradish peroxidase conjugated-secondary antibody (Sigma Aldrich) staining, using the enhanced chemilumiscence detection substrate (Thermo Scientific) and exposed to Kodak film (Boston, USA).
Oligomerization assay
Proteins were expressed and purified as described above. Aliquots containing 0.15 µM of protein samples were incubated at 4°C for indicated time in buffer containing 125 mM Tris, 150 mM NaCl with protease inhibitor cocktail. To promote the dissociation of protein oligomers into monomer, gradient concentration of DTT was added and further incubation was performed at 37°C for 30 min. The resultant samples were mixed with loading buffer and directly loaded on SDS-PAGE.
Results
Recombinant eEF1A1 protein spontaneously forms oligomers
Recombinant eEF1A1 protein FLAG-eEF1A1 was obtained from transiently transfected 293T cells by immunoprecipitation with anti-FLAG antibody. The electrophoretic mobility of FLAG-eEF1A1 varied in the absence of the reducing agent when analyzed by SDS-PAGE. The protein bands ranging from 100 to 250 kDa were quickly reduced when incubated with DTT, and the resultant band at ∼50 kDa was dominant (Fig. 1A, lane 2) . Moreover, results showed that bands between 100 and 250 kDa were heat-resistant (Fig. 1B, lane 2) , and DTT treatment could reduce these bands with the increase of monomeric eEF1A1 band (Fig. 1B, lanes 3-6) . Subsequently, the prokaryotic protein purification system was used to investigate the possibility of eEF1A1 self-association [17] . Recombinant protein GST-eEF1A1 (GST-1A1) and GST alone were obtained, and aliquots containing 0.15 µM proteins were incubated at 4°C to permit the oligomers production [20] . Consistent with FLAG-eEF1A1 oligomers obtained from eukaryotic cells, our results showed the formation of high molecular weight oligomer (HWMO) in the initial samples even without incubation at 4°C (Fig. 1C, lane 3) . Importantly, incubation at 4°C promoted HWMO formation, but DTT treatment caused marked reduction of HMWO with simultaneous increase of the monomeric band at 75 kDa (Fig. 1C, lanes 6-8) .
To examine whether GST-1A1 oligomerization is time-dependent, the monomeric forms of both GST-1A1 and GST proteins under reducing condition during purification were obtained (Fig. 1D) . Proteins were incubated for various time lengths and analyzed as above. Interestingly, HMWO formation was progressively increased with the decrease of the monomeric GST-1A1 during incubation, and this process was inhibited in the presence of DTT (Fig. 1E, lane 6) . In contrast, we did not observe any oligomerization of GST in our assay (Fig. 1C,  lanes 1 and 2 and Fig. 1D, upper panel) . Moreover, incubation of GST-1A1 with an excessive amount of GST did not inhibit the formation of HMWO (Fig. 1F, lane 4) , suggesting that the formation of HMWO was not the result of the interaction between GST and eEF1A1 during or after protein preparation. These results indicated that recombinant eEF1A1 could form DTT-sensitive oligomers.
Specific cysteines are responsible for the recombinant eEF1A1 oligomerization
As DTT is a strong reducing agent disrupting the disulfide bonds of proteins, disulfide bonds may play a key role in the oligomerization of eEF1A1. Previous studies have demonstrated that disulfide bridges formed by active cysteines contribute to oligomerization of some proteins including disease-related Huntingtin [21] , membrane-bound transcription factor [22] , and glucan phosphatase family members [23] . eEF1A1 contains six well-conserved cysteine residues located in different domains ( Fig. 2A) . To identify the critical cysteine residues responsible for the recombinant eEF1A1 oligomerization, each cysteine residue was mutated into alanine. Among the six mutants, C31A and C411A merely formed dimers and tetramers after 4 h of incubation compared with wild-type (Fig. 2Bb, 2Bf, lanes 2-4) . Cys 111 , Cys 363 , and Cys 370 mutations had no significant effect on HMWO formation ( Fig. 2Bc-2Be ). However, long-time incubation only resulted in less abundant HMWO but more abundant monomers in C234A mutant (Fig. 2Bg, red asterisk) , indicating that Cys 234 was essential for GST-1A1 oligomerization. To further determine the specific cysteines, paired mutations on Cys 31 and Cys 234 were performed. The C31A/C234A mutant dimerized readily but did not form higher mass oligomers (Fig. 2Bh, lanes 1-6) . In addition, three-way substitution on Cys 31 , Cys
234
, and Cys 411 (termed as 'Three') abolished the oligomerization activity of GST-1A1 (Fig. 2Bi, lanes 1-6) , further confirming that these specific cysteine residues are required for oligomerization of recombinant eEF1A1.
Cys 234 is critical for eEF1A1 oligomerization in cells under oxidative stress
Cytosolic proteins generally do not contain disulfide bonds due to the presence of cellular reductant and antioxidant systems [24] . To investigate the oligomerization eEF1A1 in cellular environment, the pro-oxidant H 2 O 2 was added to the cell culture medium to generate oxidative stress [25] . HEK293 cells transfected with FLAGeEF1A1 were exposed to H 2 O 2 . The cell lysates were analyzed by immunoblotting. Notably, multiple bands were observed at the molecular weight of dimeric or trimeric form in H 2 O 2 -treated cells (Fig. 3A, lane 2) . To ascertain the involvement of specific cysteine residues identified above in H 2 O 2 -induced eEF1A1 oligomerization, cells were transfected with FLAG-eEF1A1 (FLAG-WT), the Cys 234 mutant form (FLAG-C234A), and triple mutation form (FLAGThree), respectively. Surprisingly, the oligomeric bands were remarkably decreased in cells transfected with FLAG-C234A compared with FLAG-WT (Fig. 3B,C, lanes 2 and 3) . FLAG-Three was still able to form dimers but not higher molecular mass oligomers (Fig. 3B,C , lane 4), indicating that Cys 31 and Cys 411 were responsible for the formation of large oligomers under oxidative stress. In reducing SDS-PAGE, none of oligomeric bands were detected (Fig 3B,C, lanes 5-8), further demonstrating the dependence of specific cysteine residues in eEF1A1 oligomerization in cells upon H 2 O 2 treatment. To directly visualize the possible eEF1A1 aggregates in living cells, the eukaryotic expression vectors expressing fusion proteins of EGFP-eEF1A1 (EGFP-WT), the Cys 234 mutant form (EGFP-C234A) and triple mutation form (EGFP-Three) were constructed, respectively. H1299 cells were transfected with each vector and florescence distribution in cells was observed. The EGFP-fused eEF1A1 were predominantly localized in the cytoplasm (Fig. 3D) , and H 2 O 2--treatment caused an augmentation of florescence aggregates in EGFP-WT-transfected cells (Fig. 3D, arrow head) . However, in EGFP-C234A-and EGFP-Three-transfected cells, the percentage of cells with EGFP aggregates was significantly decreased (Fig. 3D , eEF1A forms oligomers through specific cysteine residuesP < 0.05). These results demonstrated that the diffusive eEF1A1 could form oligomers through the specific cysteines in oxidatively stressed cellular environment.
Cysteine substitution promotes eEF1A2 oligomerization in oxidatively stressed cells
Since the two isoforms eEF1A1 and eEF1A2 shared 98% similarity at the amino acid level [12] , we wondered whether eEF1A2 displayed oligomerization in oxidatively stressed cells. However, there was no indication of FLAG-eEF1A2 (1A2-WT) or EGFP-eEF1A2 (EGFP-1A2) oligomerization with or without H 2 O 2 treatment (Fig. 4B,C, lanes 1  and 2, and Fig. 4D ). By protein sequence alignment, all six cysteine residues in eEF1A1 were found to be conserved in vertebrates, except that Cys 234 is replaced by alanine in slime mold (data not shown 
Discussion
eEF1A is a well-conserved protein with diverse functions involved in physiological processes [1, 10] . Oxidative stress can lead to protein aggregation by directly oxidizing the thiols into sulfenic acid and then cause the formation of mixed disulfide bonds [26] . In the present study, we showed that oxidative stress could induce the formation of eEF1A oligomers through specific cysteine residues. The intermolecular protein disulfide formation during oxidative stress is observed ubiquitously in cellular compartments [23] , and oxidant-mediated promotion in protein oligomerization has been characterized in receptor protein-tyrosine phosphatase [27] . In this study, oxidative stress was found to promote eEF1A1 oligomerization through the specific cysteines including Cys 31 , Cys
234
, and Cys 411 . Although eEF1A isoforms are highly homologous, eEF1A1 is down-regulated and replaced by eEF1A2 in the brain, heart, and skeleton muscle during postnatal development [16] . Among the six cysteine residues in eEF1A1, Cys 234 in eEF1A1 is the only cysteine residue replaced by threonine in eEF1A2 and was a putative target site of S-nitrosylation in human cells [28] . Our results showed that Cys 234 is critical for eEF1A1 oligomerization in living cells. In addition, eEF1A1 was identified to be a potential substrate of thioredoxin family [29] , implying that eEF1A1 is a redox-sensitive protein and might be under strict redox control. H 2 O 2 could induce apoptosis through affecting multiple pathways [30] [31] [32] [33] [34] and our results showed that H 2 O 2 promoted eEF1A1 oligomerization. eEF1A1 was suggested to promote cell apoptosis in many studies and Ser21 phosphorylation of eEF1A1 affected its proapoptotic function [6, 19] . Conversely, other studies demonstrated that eEF1A1 could enhance cell proliferation and inhibit cell apoptosis [35, 36] , suggesting its complex roles in regulating apoptosis beyond its canonical function. Therefore, details of the relationship between eEF1A1 and cell apoptosis still need to be clarified. Importantly, eEF1A1 was suggested to exert apoptotic function independent of protein synthesis but probably through regulating cytoskeletal organization and signal induction [19] . It has been reported that protein oligomerization could induce cell apoptosis through distinct mechanisms. Neurotoxic prion protein (PrP) oligomers caused neuronal apoptosis via regulation of Bcl-2, Bax, and caspase-3 [37] . Both Aβ1-42 monomers and oligomers could induce cell apoptosis through different mechanisms, of which Aβ1-42 oligomers favored the formation of the Bcl2-BECN1 complex to induce apoptosis [38] . Of note, cell stimulation with H 2 O 2 resulted in peroxiredoxin-I (PRX-I) oxidation to form homo-oligomers which activated mammalian Sterile 20-like kinase 1 and induced apoptosis. Interestingly, p53 could also promote PRX-I oligomerization association with cell death [39] . These studies prompt us to assume that eEF1A1 might induce apoptosis through oligomerization, as it was suggested that dimerization of eEF1A1 had an impact on phosphorylation of its Ser21 residues by Raf kinases, with a subsequent effect on cell proliferation and apoptosis [19] . In addition, we also found that oxidative stress promoted eEF1A1 oligomerization within a short period of time in our experimental system. Intriguingly, we also observed that long-time oxidation treatment caused the translocation of eEF1A1 to the nucleus (data not shown), as eEF1A1 is predominately located in the cell cytoplasm. GAPDH is a redox-sensitive glycolytic enzyme that can also promote apoptosis when translocated to the nucleus and associates with aggregate-prone proteins involved in neurodegenerative disorders [40] . Thus, we assumed that eEF1A1 might promote its translocation to the nucleus where it could regulate the genes implicated in cell apoptosis. But whether and how eEF1A1 oligomerization affects cell proliferation and apoptosis require to be further investigated.
In some diseases, aberrant protein oligomerization caused by excessive covalent bonds played significant roles [41, 42] . Reactive oxygen species (ROS) can be generated from physiological processes and pro-oxidants in human diets [25] , and oxidative stress was reported to directly promote α-synuclein aggregation [43] and the formation of brain GAPDH oligomers [40] . We found that eEF1A1 oligomerized under H 2 O 2 exposure in living cells (Fig. 3) , implying that eEF1A1 oligomerization may be involved in ROS-induced diseases. Moreover, single cysteine mutation in eEF1A2 is sufficient to cause its oligomerization in oxidative environment (Fig. 4) . In addition to the demonstration of cysteine's involvement in eEF1A oligomerization, our data indicated that eEF1A2 may exist as the isoform with less potential to oligomerize by cysteine substitution during natural process, which contributes to the adaption in oxygen-consuming tissues.
